ABSTRACT: Three 21-d experiments were conducted to determine the optimum standardized ileal digestible (SID) Ile:Lys ratio in 10-to 22-kg and 24-to 39-kg pigs. In Exp. 1, 144 Yorkshire pigs (initial BW = 10.2 kg) were assigned to 6 diets with 6 pens per treatment. Diets 1 to 5 were formulated to contain 5 graded SID Ile:Lys (44, 51, 57, 63, and 70%), 1.18% SID Leu, and 0.90% SID Lys (second limiting). Diet 6 (diet 5 with added Lys) was formulated (1.06% SID Lys) as a positive control. Pigs fed diet 6 had higher (P < 0.05) ADG and G:F and lower (P < 0.05) plasma urea N (PUN) than pigs fed diet 5 (P < 0.02), indicating that Lys was limiting in diets 1 to 5. Final BW, ADG, and ADFI increased (linear and quadratic, P < 0.05) while G:F and PUN at d 21 were not affected (P > 0.10) by dietary Ile:Lys. Overall, ADG and ADFI were highest for pigs fed diet 2 (51% SID Ile:Lys). In Exp. 2, 216 Yorkshire pigs (initial BW = 9.6 kg) were assigned to 9 diets with 6 pens per treatment. Diets 1 to 4 contained 0.40, 0.47, 0.54, and 0.61% SID Ile, respectively, and 1.21% SID Lys; diets 5 to 8 contained 0.72, 0.84, 0.96, and 1.08% SID Lys, respectively, and 0.68% SID Ile. Diet 9 was high in both Ile and Lys (0.68% SID Ile and 1.21% SID Lys). All diets contained 1.21% SID Leu. The ADG and G:F increased (linear and quadratic, P < 0.05) as SID Ile:Lys increased (diets 1 to 4 and 9). The ADG and G:F increased (linear, P < 0.05) as SID Lys increased (diets 5 to 9). The PUN at d 21 decreased (linear, P < 0.05) by increasing dietary Ile:Lys. The SID Ile:Lys to optimize ADG was 46% by curvilinear plateau or exponential regression. For G:F, the optimal SID Ile:Lys was 47 and 51% by curvilinear plateau and exponential regressions, respectively. In Exp. 3, 80 pigs (PIC 327 × C23; initial BW = 24.0 kg) were allotted to 5 treatments with 4 pigs per pen. Diets 1 to 5 were formulated to contain 5 graded SID Ile:Lys (39, 46, 53, 61, and 68%), 1.17% SID Leu, and 0.91% SID Lys (second limiting). Final BW and ADG increased (linear and quadratic, P < 0.05) and ADFI increased (linear, P = 0.047) as SID Ile:Lys increased. Using ADG and G:F, the optimum SID Ile:Lys was 54 and 53%, respectively, by curvilinear plateau and exponential regression. The PUN was minimized at 53 and 59% SID Ile:Lys by curvilinear plateau and broken line regression. Overall, the average optimum SID Ile:Lys was approximately 51% for 10-to 22-kg pigs and 54% for 24-to 39-kg pigs fed diets containing nonexcess levels of Leu.
INTRODUCTION
Lowering the dietary CP content and balancing with supplemental AA according to the ideal protein concept is an effective means to reduce N excretion into the environment without affecting pig performance (Kerr et al., 2003) . The branched-chain amino acids (BCAA) Val or Ile become limiting after Lys, Thr, Met, and Trp in low CP diets for pigs (Liu et al., 2000; Lordelo et al., 2008) . Reliable information about requirements for the next limiting AA or their ideal ratios to Lys is required for adequate formulation of low CP diets. Limited research has been done looking at the requirement of Ile mainly for starter and growing pigs in the last decade, with an overview about the requirement of Ile Barea et al., 2009 ) as well as the ideal ratio of Ile:Lys (Van Milgen et al., 2012; Waguespack et al., 2012) being reviewed previously.
However, there is still considerable variation in the published literature about the ideal Ile:Lys ratio in pig diets, which ranges from 50 (Barea et al., 2009 ) to 62% (Fu et al., 2006) . Spray-dried blood cells (SDBC) is a coproduct of the porcine plasma production that is commonly used in piglet diets. It contains high concentrations of Leu, Lys, and Val but a low concentration of Ile (NRC, 1998) . In general, the estimated optimum Ile:Lys ratios were lower when no or little SDBC were included in the diets while higher values were reported when diets contained a higher level of SDBC (>7%; Wiltafsky et al., 2009 ). An excess level of dietary Leu can lead to BCAA antagonisms, which reduce animal feed intake and performance (Harper et al., 1984) . In this case, the nutritional need of pigs for Ile is increased due to increased catabolism of the BCAA (Ile, Val, and Leu) because they share the first 2 steps of their catabolism by the same degrading enzymes (Wiltafsky et. al., 2009) . We hypothesize that a low level (≤4.5%) of SDBC inclusion will not increase the Ile:Lys ratio when the dietary Leu level is not at an excess level (standardized ileal digestible [SID] Leu:Lys of <130%). The objectives of the present studies were to determine the ideal SID Ile:Lys ratio to maximize growth performance and to minimize plasma urea N (PUN) concentrations in 10-to 22-kg pigs (Exp. 1 and 2) and 24-to 39-kg pigs (Exp. 3) that are fed wheat, barley, and soybean meal (SBM) based diets with low levels of SDBC (≤4.5%).
MATERIALS AND METHODS
Three experiments were conducted at 2 separate locations. Experiments 1 and 2 were conducted with starter pigs at the facility of the University of Guelph (Guelph, ON, Canada). The experimental protocol was reviewed and approved by the Animal Care Committee of the University of Guelph. Experiment 3 was conducted with growing pigs at growing facilities at the University of Kentucky (Lexington, KY) under experimental protocols approved by the Institutional Animal Care and Use Committee of the University of Kentucky.
Animals and Experimental Design
Experiments 1 and 2. Experiment 1 was conducted using 144 Yorkshire pigs (initial BW = 10.2 ± 0.3 kg) to determine the optimum SID Ile:Lys ratio for 10-to 22-kg pigs. Pigs were housed in 2 identical temperaturecontrolled rooms (18 pens per room), blocked by littermate and initial BW, and assigned to 6 dietary treatments (Table 1) with 4 pigs (2 barrows and 2 gilts) per pen and 6 pen replicates in a randomized complete block design.
Experiment 2 was conducted using 216 Yorkshire pigs (initial BW = 9.6 ± 0.4 kg) to simultaneously determine both the dietary optimum SID Ile and dietary SID Lys levels to maximize performance of 10-to 20-kg pigs. Pigs were housed in 2 identical temperature controlled rooms (18 pens/room), blocked by littermate and initial BW, and assigned to 9 dietary treatments with 4 pigs (2 barrows and 2 gilts) per pen and 6 pen replicates in a randomized complete block design.
In both Exp. 1 and 2, pens measured 1.5 by 1.1 m (with plastic woven wire flooring) and were equipped with a stainless steel feeder, and a nipple drinker. Pigs were allowed ad libitum access to feed (in pelleted form) and water for 21 d. The BW of individual pigs and pen feed usage was recorded at weekly intervals to calculate ADG, ADFI, and G:F. For determining PUN concentration, blood was collected on d 21 (1 barrow and 1 gilt per pen) commencing at 0800 h from the orbital sinus into 10 mL heparinized tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ), temporarily stored on ice, and then centrifuged (1,500 × g at 4°C for 20 min). The plasma was then harvested and stored frozen at -20°C until analyses of PUN content.
Experiment 3. Experiment 3 was conducted with 80 pigs (PIC 327 × C23; initial BW = 24.0 ± 1.2 kg) to determine the dietary optimum SID Ile:Lys ratio in 24-to 39-kg pigs. Pigs were blocked by gender and initial BW and allotted to 5 dietary treatments with 4 pigs (2 barrows and 2 gilts) per pen and 4 pen replicates. Pigs were housed in 1.2 by 1.2 m pens (with concrete slatted or plastic woven wire flooring), each equipped with a stainless steel feeder and a nipple drinker. Pigs were allowed ad libitum access to feed (in mash form) and water for 21 d. The BW of individual pigs and pen feed disappearance were recorded weekly. Blood samples were taken from all pigs on d 21 commencing at 0845 h via jugular vein venipuncture using a 10 mL syringe and then placed in a 7 to 10 mL capacity evacuated blood-collection tube with sodium heparin (Becton Dickinson Vacutainer System, Rutherford, NJ), temporarily stored on ice, centrifuged (1,200 × g at 4°C for 20 min), and stored frozen at -20°C until analyses of PUN content.
Dietary Treatments
The experimental diets were formulated based on the analyzed AA contents of the ingredients and the average SID coefficients of ingredients (AminoDat 3.0; Evonik Degussa GmbH, Hanau-Wolfgang, Germany) in all 3 experiments. The experimental diets were formulated to contain similar NE content in all 3 studies. The NE values for ingredients were obtained from Sauvant et al. (2004) . Experiment 1. A basal diet was formulated based on wheat, barley, SBM, and SDBC to be first limiting in Ile (0.40% SID Ile) and second limiting in Lys (0.90% SID Lys) for 10-to 20-kg pigs (NRC, 1998). The inclusion level of SDBC was restricted at 3.7% in the basal diet to be deficient in Ile but to maintain nonexcess level of Leu (i.e., <130% SID Leu:Lys). Supplemental AA were added to the basal diet to exceed the requirement for AA other than Ile and Lys (NRC, 1998) . The Ile-adequate diet (diet 5) was produced by supplementing l-Ile to the basal diet to contain 0.63% SID Ile at the expense of 3 Target dietary Ile levels in diets 2, 3, and 4 for both experiments were prepared by blending diet 1 (Ile-deficient) and diet 5 (high-Ile) diets in varying proportions (0, 25, 50, 75, and 100% of diet 5). 8 AB-20 (Prince Agriproducts, Quincy, IL).
9 SID = standardized ileal digestible (calculated based on analyzed ingredient AA contents combined with published SID AA coefficients).
wheat. Diets 2, 3, and 4 were produced by blending diets 1 and 5 in varying proportions to create 5 SID Ile:Lys ratios (44, 51, 57, 63, and 70%) . Additionally, a positive control diet (diet 6) adequate in all AA (1.06% SID Lys) was formulated by supplementing l-Ile and l-Lys HCl to the basal diet replacing wheat (Table 1) . Experiment 2. Initially, an Ile-deficient diet (0.40% SID Ile; diet 1), a Lys-deficient diet (0.72% SID Lys; diet 5), and a high-Ile-Lys diet (0.68% SID Ile and 1.21% SID Lys; diet 9) were formulated based on wheat, barley, SBM, and SDBC (Table 1) . Dietary levels of other AA were balanced to exceed the requirement for 10-to 20-kg pigs (NRC, 1998) . As in Exp. 1, a low level of SDBC (4.1%) was included in the basal diet to be deficient in Ile while maintaining nonexcess level of Leu (100% SID Leu:Lys). Diets 2, 3, and 4 were obtained by blending diets 1 and 9 in varying proportions (75:25, 50:50, and 25:75, respectively). Diets 6, 7, and 8 were obtained by blending diets 5 and 9 in varying proportions (75:25, 50:50, and 25:75, respectively). This experimental design allowed the simultaneous determination of the requirement of Ile and Lys by regression analysis using ADG and G:F responses of pigs fed diets 1, 2, 3, 4, and 9 and diets 5 to 9, respectively. Experiment 3. A wheat, barley, and SDBC based Iledeficient basal diet was formulated to be first limiting in Ile (0.35% SID Ile) and second limiting in Lys (0.91% SID Lys) for 20-to 40-kg PIC pigs based on the breeder recommendations (PIC, 2008; Table 1 ). All other AA, including Val, were balanced to meet or exceed the requirement for 20-to 40-kg pigs (PIC, 2008) . Inclusion of SDBC was restricted to 4.5% to prevent excess levels of Leu. The Ileadequate diet (diet 5; 0.62% SID Ile) was obtained by supplementing l-Ile at the expense of wheat. Levels of other AA were similar as those in diet 1. Diets 2, 3, and 4 were produced by blending diets 1 and 5 in varying proportions to create 5 SID Ile:Lys (39, 46, 53, 61, and 68%) .
Chemical Analyses
The DM content of feeds was determined after oven drying for 4 h at 103°C (AOAC, 2000) . The N content of the diets was determined using a gas combustion method (AOAC, 1998; FP-2000, Leco Corp., St. Joseph, MI) . Dietary AA concentrations were determined by ion-exchange chromatography with postcolumn derivatization with ninhydrin. Amino acids were oxidized with performic acid, which was neutralized with sodium metabisulfite (Llames and Fontaine, 1994; Commission Directive, 1998) . Amino acids were liberated from the protein by hydrolysis with 6 N HCL for 24 h at 110°C and quantified with the internal standard by measuring the absorption of reaction products with ninhydrin at 570 nm. Tryptophan was determined by HPLC with fluorescence detection (extinction 280 nm and emission 356 nm) after alkaline hydrolysis with barium hydroxide octahydrate for 20 h at 110°C (Commission Directive, 2000) . Tyrosine was not determined. The PUN concentrations were determined by colorimetrically measuring the product formed in the direct reaction of urea and diacetyl monoxime, as described by Marsh et al. (1965) .
Statistical Analysis
All data were analyzed by ANOVA using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) with pen as the experimental unit. The model included treatment, block (room), and initial BW (covariate) for Exp. 1 and 2 and treatment and initial BW (covariate) for Exp. 3. For all experiments, orthogonal-polynomial contrasts were used to determine linear and quadratic effects of increasing SID Ile:Lys ratios on response criteria. Differences were considered significant if P < 0.05 and were described as tendencies if 0.05 < P < 0.10 using the LSMEANS statement. The ADG and G:F (overall treatments means) data were analyzed by exponential (at 95% of maximum response; Robbins et al., 1979) and curvilinear-plateau (Robbins et al., 2006 ) regression models to estimate the ideal SID Ile:Lys ratios. In Exp. 3, the PUN (overall treatments means) data were analyzed by the 2-slope broken-line and curvilinear-plateau models (Robbins et al., 2006) .
RESULTS
No signs of illness, abnormal behavior, or mortality were observed in Exp. 1 and 2. In Exp. 3, 1 pig died (diet 3) and 2 pigs were removed (1 each on diet 3 and diet 4) due to abnormal performance but not related to the dietary treatments. Results of analyzed and calculated Lys, Ile, Val, and Leu in the diets are shown in Table 2 . In general, the analyzed AA contents were in close agreement with to the calculated values in all 3 experiments. Although ADFI and growth responses were recorded weekly, only the overall results (21 d) are mentioned in the results. Experiment 1. The effects of increasing dietary ratios of SID Ile:Lys on performance and PUN concentrations in Exp. 1 are shown in Table 3 . Pigs fed diet 6 (Lys adequate) had higher ADG (P < 0.02) and G:F (P < 0.001) and lower PUN (P < 0.001) than pigs fed diet 5, indicating that Lys was indeed limiting in diets 1 to 5 and confirming the appropriateness of the experimental design. There were linear and quadratic increases in final BW, ADG, and ADFI (P < 0.001), while G:F did not change (P = 0.832) with increasing SID Ile:Lys (diets 1 to 5). The ADG and feed intake were the highest for pigs fed diet 2, which contained a SID Ile:Lys ratio of 51%, and increasing the SID Ile:Lys ratio higher than 51% had no beneficial effect. The PUN concentrations on d 21 were not affected (P > 0.10) by increasing SID Ile:Lys ratio. Having only 1 observation below the dietary Ile ratio at which the response was maximized, the ideal Ile:Lys ratio could not be estimated by regressions using ADG, G:F, or PUN responses.
Experiment 2. The effects of dietary levels of Ile and Lys on performance and PUN concentrations in Exp. 2 are given in Table 4 . During the 21-d study, the final BW, ADG, and G:F increased linearly (P < 0.001) as the dietary SID Lys level increased (diets 5 to 9), being maximized at the highest tested SID Lys level (diet 9). This suggests that the SID Lys requirement for maximum performance was at or still higher than 1.21% for these pigs. Because dietary Lys was below requirement, the ideal Ile:Lys ratio could be estimated based on the responses of pigs fed diets 1 to 4 and 9 (33, 39, 45, 51, and 56% SID Ile:Lys, respectively). Among diets 1 to 4 and 9, the overall ADG, ADFI, and G:F increased linearly and quadratically (P < 0.001) as the SID Ile:Lys increased and maximized at the SID Ile:Lys of 45% (Table 4) .
The concentration of PUN at d 21 decreased linearly (P < 0.001) as the SID Ile:Lys increased with no apparent plateau being reached, suggesting that the SID Ile:Lys was not less than 56%. Because there was no plateau for the d 21 PUN, data were not suitable for regression analyses. The dietary SID Ile:Lys to maximize the ADG of 10-to 22-kg pigs was estimated to be 46% based on both curvilinear-plateau and exponential regressions (Fig. 1 ). For G:F, the optimal SID Ile:Lys was estimated to be 47 and 51% by the curvilinear plateau and exponential regressions, respectively (Fig. 2) . Based on the responses of ADG, G:F, and PUN, an average optimum Table 5 . During the 21-d period, the final BW and ADG increased linearly (P = 0.007) and quadratically (P = 0.039) as the SID Ile:Lys increased and maximized at the SID Ile:Lys of 53%. The ADFI also increased linearly (P = 0.047) with increasing levels of SID Ile:Lys. However, G:F was not affected by the dietary treatments (P > 0.05), and the PUN tended to decrease linearly (P = 0.059) and quadratically (P = 0.051).
The dietary SID Ile:Lys to maximize ADG of 24-to 39-kg pigs was estimated to be 54% based on both curvilinear plateau and exponential regression, respectively (Fig. 3) . The G:F was maximized at the SID Ile:Lys of 50 and 53% by the curvilinear plateau and exponential regression, respectively (Fig. 4) . Based on PUN data, the optimal SID Ile:Lys was estimated to be 53% by both curvilinear plateau and exponential regressions or 59% by the 2-slope linear broken-line model, which fit better to the PUN data ( Fig. 5; exponential plot is not shown) . Overall, the average of the ADG, G:F, and PUN optima estimated an optimum SID Ile:Lys of 54% for 24-to 39-kg PIC pigs. 
DISCUSSION
The aim of this research was to determine the ideal SID Ile:Lys ratio in wheat, barley, SBM, and SDBC based diets for 10-to 22-kg and 24-to 39-kg pigs. A low level of SDBC was included in the experimental diets (3.7, 4.1, and 4.5% in Exp. 1, 2, and 3, respectively) to be first limiting in Ile, but the SID Leu:Lys was balanced not to be in high excess (i.e., <130%). Lysine was the second limiting AA in the diets to avoid underestimation of the derived Ile:Lys ratio in all 3 studies.
In Exp. 1, improved performance of pigs fed Lysadequate diet (diet 6) compared with that of pigs fed Lys-deficient diet (diet 5) confirmed that Lys was indeed limiting in diets 1 to 5 as was intended. A marked increase in the ADG and ADFI were observed with the first graded level of l-Ile addition (51% SID Ile:Lys), but increasing the Ile:Lys had no effect on pig performance, which agrees with Barea et al. (2009) , who reported that increasing the dietary SID Ile:Lys from 50 to 65% did not affect performance of 13-to 23-kg pigs fed in an AA-supplemented, cereal-SBM-SDBC diet. Similarly, Waguespack et al. (2012) did not find the effect of increasing Ile addition above 52% SID Ile:Lys (0.43% SID Ile) on the performance of 22-to 43-kg pigs fed an AA-supplemented, cereal-SBM diet.
In Exp.2, a linear increase in the ADG and G:F responses to graded level of SID Lys indicate that 1.21% SID Lys was still below requirement. Although Lys requirement could not be made, this allowed for estimating the optimum Ile:Lys based on the responses of diets 1 to 4 and 9. The ADG, ADFI, and G:F were greatest for diets 3 that contained 45% SID Ile:Lys ratio. The ratio of AA to Lys (1.21% SID Lys) in the diets used in Exp. 2 (Tables 1 and 2 ) met the minimum ideal ratio (NRC, 1998) coupled with a clear response to Lys addition suggest that it is unlikely that AA other than Ile and Lys was limiting. The curvilinear and exponential regressions estimated the optimum SID Ile:Lys for 10-to 22-kg pigs to be 46% based on ADG and 47 and 51% based on G:F, respectively. Based on the results of both Exp. 1 and 2, a dietary SID Ile:Lys of approximately 51% is required to maximize performance of 10-to 20-kg Yorkshire pigs, which is in line with the ideal SID Ile:Lys of 51% for 11-to 25-kg pigs by the NRC (2012) and close to the optimal SID Ile:Lys of 50% for growing pigs estimated by a meta-analysis (Van Milgen et al., 2012) .
In Exp. 3, ADG and ADFI were affected by graded SID Ile:Lys and maximized at the SID Ile:Lys of 53%. Unlike Exp. 1 and 2, the PUN level was lowest with diet 3 (61% SID Ile:Lys). Based on ADG, G:F, and PUN responses, the average SID Ile:Lys was 54% for 24-to 39-kg pigs. This value is lower than the ideal Ile:Lys of 60% for 27-to 47-kg pigs fed in a semipurified diet by Wang and Fuller (1989) but in close agreement with the estimate of 52% SID Ile:Lys for 22-to 43-kg pigs reported by Waguespack et al. (2012) and for 25-to 50-kg pigs by the NRC (2012). Although the same ingredients were used, the optimal Ile ratio for 24-to 39-kg pigs estimated in Exp. 3 was slightly higher than the value for 10-to 22-kg pigs derived in Exp. 1 and 2. This may be due the differences in BW, pig genetics, diet form, and research farm conditions among the studies.
The concentration of PUN is an indirect indicator of the quality of AA balance in the diets; that is, a lower PUN generally indicates a reduced need for deamination of excess AA. Therefore, PUN has been used as a rapid response criterion to determine AA requirements and ratios in pigs (Coma et al., 1995; Kerr et al., 2004) . In all 3 studies, the PUN was measured in an attempt to estimate the Ile:Lys ratios. In Exp. 1, the ideal Ile:Lys ratio could not be estimated using PUN concentrations because they were not affected by the Ile:Lys ratio. Similarly, Waguespack et al. (2012) and Parr et al. (2004) were not able to use PUN data to estimate an Ile requirement for growing and finishing pigs. In Exp. 2, the concentration of PUN decreased linearly with increasing Ile:Lys ratio; thus, an ideal ratio could not be made, which was similar to Parr et al. (2004) , who also reported a linear decrease in PUN by incremental Ile supply to finishing pigs. In contrast, there was a clear response of PUN by dietary Ile in Exp. 3 and in the study by Kerr et al. (2004) . The inconsistency in PUN responses among different studies may be attributed by many factors such as the duration between the time of blood collection and the last feeding time, feed intake, health status, and environmental conditions. Wiltafsky et al. (2009) estimated the optimal SID Ile:Lys of 54% for 8-to 25-kg pigs fed a corn-barley-corn gluten feed diet that contained SID Leu:Lys of 111%. However, they derived a higher SID Ile:Lys of 59% when SDBC was included (7.5%) in the diets that contained a SID Leu:Lys of 159%. Similarly, Fu et al. (2005) derived the ideal SID Ile:Lys of 56% in corn-SBM diet with 123% SID Leu:Lys and 60% in corn-SBM-SDBC (7.15%) diets with 200% SID Leu:Lys for 58-to 76-kg pigs. More recently, Waguespack et al. (2011) reported that a low level of SDBC addition (up to 4%) did not affect performance of weaned and growing pigs. These results suggest that the effect of dietary SBBC on optimal Ile:Lys ratio may be dependent on the inclusion level and affected rather by the dietary excess Leu or imbalance among the BCAA.
Based on the current results, we conclude that the optimum SID Ile:Lys was approximately 51% for 10-to 22-kg Yorkshire pigs and 54% for 24-to 39-kg PIC pigs that were fed wheat-barley-SBM-SDBC (≤4.5%) based diets that contained moderate but nonexcess level of Leu. 
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